Free radicals are suggested to play an important role in hypoxic-ischemic neuronal death. However, the importance in human disease is not known. Furthermore, whether posthypoxic free radical formation mainly occurs in endothelium and neutrophils, or whether neuronal production is important, is not finally determined. To study this we differentiated human Ntera2 teratocarcinoma cells into postmitotic NT2-N neurons and exposed them to free radicals, hypoxia, or oxygen and glucose deprivation. These cells are devoid of nitric oxide synthase, and we hypothesized that free radicals are important mediators downstream of N-methyl-D-aspartate stimulation. Production of free radicals, evaluated with the fluorescent dyes dihydrorhodamine and 2',7'-dichlorodihydrofluorescein, was significantly higher in neurons deprived of oxygen and glucose after 40 min of reoxygenation than in normoxic cells. The antioxidant trolox, the flavonoid quercetin, thiopental, and the N-methyl-D-aspartateglutamate receptor antagonist MK-801 reduced the formation of free radicals. Treatment with the flavonoid rutin (86 Ϯ 16% of hypoxic cells without drug, p Ͻ 0.01), trolox (86 Ϯ 20%, p Ͻ 0.01), and MK-801 (57 Ϯ 12%, p Ͻ 0.01) reduced lactate dehydrogenase release after 6 h of hypoxia. Trolox, salicylate, and quercetin also significantly reduced lactate dehydrogenase release after 3 h of oxygen and glucose deprivation. The protection offered by these antioxidants was, however, limited compared with the effect of MK-801. We conclude that oxygen and glucose deprivation causes a moderate increase in the formation of free radicals in NT2-N neurons that can be Several experiments have indicated a role for free radicals in the pathogenesis of hypoxic-ischemic cell death. The xanthine oxidase inhibitor and hydroxyl radical scavenger allopurinol reduces hypoxic-ischemic brain damage in rats (1), and van Bel et al. (2) demonstrated beneficial effects of allopurinol in asphyxiated infants. Infarct size and brain edema after focal cerebral ischemia are attenuated in adult transgenic mice overexpressing CuZn SOD (3). However, brain injury after hypoxia-ischemia was exacerbated in a similar newborn mice model (4).
Several experiments have indicated a role for free radicals in the pathogenesis of hypoxic-ischemic cell death. The xanthine oxidase inhibitor and hydroxyl radical scavenger allopurinol reduces hypoxic-ischemic brain damage in rats (1) , and van Bel et al. (2) demonstrated beneficial effects of allopurinol in asphyxiated infants. Infarct size and brain edema after focal cerebral ischemia are attenuated in adult transgenic mice overexpressing CuZn SOD (3). However, brain injury after hypoxia-ischemia was exacerbated in a similar newborn mice model (4) .
During reperfusion after cerebral ischemia in pigs, superoxide anion is generated (5) . Production of free radicals after ischemia has been reported from rat brain microvessels (6) and from fetal bovine endothelial cells (7) . A substantial part of posthypoxic free radical formation in endothelium has been attributed to xanthine oxidase (7) . On the other hand, ScmidElsaesser et al. (8) demonstrated superior neuroprotective efficacy of an aminosteroid with presumed improved potential to enter the brain parenchyma compared with an aminosteroid predominantly acting on the endothelium of the cerebral vasculature. Whether this aminosteroid also possessed superior abilities to reach radical formation sites inside the endothelium was not determined. Thus, whether significant free radical formation occurs in the neurons themselves, or whether the major production site is the vascular endothelium or activated neutrophils (9) , is not finally determined.
The mechanisms of hypoxic neuronal cell death have been studied mostly with the use of fetal rat or mouse neurons. Posthypoxic free radical formation has been measured in neonatal rat cervical ganglia neurons (10) , in fetal forebrain rat neurons (11) , in rat pheochromocytoma PC12 cells (12) , and in mouse cortical neurons (13) . However, there are species differences that make extrapolation of data to humans difficult. The importance of species differences was recently highlighted when tumor-necrosis-factor-related ligand was shown to induce apoptosis in the human brain. This potential cancer therapy drug was believed to be safe as it did not cause damage in laboratory animals (14) . One relevant difference when studying free radicals is the presence of xanthine oxidase in rat neurons (15) (16) (17) in contrast to the absence of this radicalproducing enzyme in human neurons (18) . As far as we know posthypoxic formation of free radicals has not previously been evaluated in cultured human neurons.
Human NT2-N neurons are derived from a human teratocarcinoma cell line. After treatment with retinoic acid for 5-6 wk and mitotic inhibitors for 3 wk, these cells develop into stable, polarized, neuronlike postmitotic cells (19) . The NT2-N neurons are allowed to grow for 4 wk after last replating, and during this period they develop an extensive network of neuritic processes that can be identified as axons or dendrites. They express several CNS neuronal marker proteins (20) , express functional non-NMDA and NMDA receptors (21, 22) , and contain synaptic vesicle-associated proteins (23) .
We have established a model with hypoxic hypoxia in these cells and shown that hypoxic neuronal cell death could be reduced by hypothermia, by treatment with the NMDAreceptor blocker MK-801, or by the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid antagonist CNQX (24) . The NT2-N neurons are devoid of NOS (25) , and N w -nitro-larginine methyl ester is not protective during hypoxia (24) , so mechanisms other than NO downstream of NMDA stimulation have to be sought. We have previously found significant correlations between the in vitro antioxidative properties of different barbiturates and their neuroprotective effects in this model (26) . We therefore hypothesized that hypoxic NT2-N neurons generate free radicals during reoxygenation and that posthypoxic cell death could be reduced by treatment with antioxidants. Chicago, IL, U.S.A.) were also tested. Deionized water (Millipore, Bedford, MA, U.S.A.) was used in buffers or as solute.
METHODS

Materials
Hypoxia-reoxygenation. NT2 cells were prepared as previously described (26) . Two or 3 million cells per well (in 12-well plates, Corning Inc, Corning, NY, U.S.A.) were used for the hypoxia study and the oxygen-glucose deprivation study, respectively.
The hypoxia experiments were started 3 to 7 d after the last feeding. On the day of the experiment, each well was examined microscopically at least 30 min before use, and then returned to the incubator. DMEM with or without glucose, with 100 IU/mL penicillin and 100 g/mL streptomycin, was bubbled for 10 min with 5% CO 2 and 95% N 2 and heated to 37°C. Immediately before the experiment the cells were washed twice with 0.5 mL of PBS, and 0.5 mL of deoxygenated medium was added to each well. Five microliters of concentrated drug solution was added as indicated to each well, and the cells were placed in a preheated, humid anaerobic chamber (GasPak 150, Becton Dickinson, Cockeysville, MD, U.S.A.). Vacuum was applied to the chamber for 20 -25 s (20 -25 inches of Hg), and the air replaced with 5% CO 2 and 95% N 2 . This procedure was performed four times. Inside the chamber hydrogen was generated with a GasPak Plus envelope containing palladium catalyst to remove trace amounts of oxygen (Becton Dickinson). With this procedure oxygen concentration is 0.1% after the fourth gas exchange, and falls to Ͻ0.1% within 30 -60 min and remains Ͻ0.1% for at least 6 h (26). The chamber was placed in an incubator for 3 h (combined glucose and oxygen deprivation) or 6 h (hypoxia only). Temperature was monitored continuously inside the anaerobic chamber and in the incubator, and the cells were not exposed to temperatures above 38°C. After hypoxia the cells were reoxygenated and returned to the normoxic incubator until 24 h after start of the hypoxic exposure. At reoxygenation 5 L of glucose (final concentration, 5.5 mM) was added to each well exposed to combined glucose and oxygen deprivation. As MK-801 offers almost complete protection in this hypoxia model (24, 26) , at least one well was treated with 10 M MK-801, prepared as 1 mM stock in deionized water, in all experiments as a positive treatment control. Cells were treated with (all final concentrations) 1.5 mM deferoxamine mesylate, 500 U/mL SOD, 5 mM salicylate, 1 mM SNAP, or 200 M thiopental. Trolox (160 M or 400 M) prepared in alkaline solutions was used in the hypoxia and the oxygen-glucose deprivation studies, respectively. Rutin (4 M) was prepared as a 400 M alkaline solution (pH of the cell medium was not affected by the addition of this) and used in the hypoxia experiments. Stock solutions of quercetin (50 mM) and rutin (50 mM) were prepared in DMSO, and 0.5 L of stock was added to 500 L of medium in the oxygen and glucose deprivation study. DMSO diluted 1/1000 does not affect LDH release in this model (24) .
Exposure of NT2 cells to SIN-1. SIN-1 is a compound that releases superoxide anion radical and NO continuously on its decomposition, with concomitant production of peroxynitrite. NT2 neurons were washed twice with PBS and 500 L of DMEM (without HEPES) with 5.5 mM glucose, 100 IU/mL penicillin, and 100 g/mL streptomycin added to each well. SIN-1 was dissolved in deionized water immediately before addition to NT2 cells (final concentration, 3 mM). The following antioxidants were tested in this model (all final concentrations): 100 U/mL catalase, 50 M quercetin, 50 M rutin, or 400 M trolox.
LDH assay. Cell viability was assessed by measuring LDH activity in the supernatant. The remaining cells were lysed with cold deionized water, and LDH was analyzed in the lysate to assure that total LDH activity was in a similar range in all wells. LDH was assayed with a kit (No 1 644 793, Boehringer Mannheim GmbH, Mannheim, Germany). The measurements were performed at 492 nm in a Titertek Multiskan Plus MK11 ELISA-reader connected to a computer with the program GENESIS (both from Labsystems and Life Sciences International Ltd, Helsinki, U.K.). Whereas neither salicylate, trolox, rutin, quercetin, nor MK-801 affected the LDH assay, both deferoxamine and SOD significantly inhibited LDH activity in control measurements. We have previously shown that LDH release into the supernatant correlates well with a fluorescent cytotoxicity assay in this model (24) .
MTT assay. To determine cell viability we used an MTT assay as well. MTT (0.5 mg/mL) dissolved in PBS containing 5.5 mM glucose was prepared immediately before use. After 24 h the medium was aspirated, and 0.5 mL of the MTT solution was added. The plates were then returned to the incubator. After 60 min the medium was aspirated and replaced with 0.5 mL of DMSO to dissolve the salt produced by cleavage of MTT. Absorbance was read at 570 nm and background at 660 nm was subtracted, using the same system as described above.
Oxygen radical production. DHR-123 (Molecular Probes, Eugene, OR, U.S.A.) was dissolved in DMSO at a concentration of 500 M, and aliquots were stored in deoxygenated containers at Ϫ20°C and protected from light. Ten microliters of this stock was added to 10 mL of DMEM immediately before reoxygenation. At reoxygenation 500 L of DMEM with DHR-123 and glucose (5.5 mM) replaced the aglycemic medium used during combined oxygen and glucose deprivation, and the first reading was performed. Fluorescence (485 nm/535 nm) was measured with Victor 1420 Multilabel Counter (Wallac Oy, Turku, Finland). The cells were then returned to the normoxic incubator, and new measurements were performed after 40, 80, and 120 min. Values were related to the first reading (0 min reoxygenation).
Stock solution (10 mM) of DCF-H 2 (Molecular Probes) in PBS was stored at Ϫ70°C. At reoxygenation the aglycemic medium was replaced with medium containing 10 M DCF-H 2 and 5.5 mM glucose. The cells were loaded with DCF-H 2 for 40 min and then washed twice with PBS, before medium with 5.5 mM glucose without DCF-H 2 was added. The first reading was then performed. Fluorescence (485 nm/535 nm) was measured with Victor 1420 Multilabel Counter. New measurements were performed 80 and 120 min after the end of hypoxia. Hypoxic and normoxic experiments were performed in pairs, and all values were related to the first reading (40 min of reoxygenation) of the normoxic cells.
Hypoxanthine. Supernatants were collected 24 h after start of hypoxia and frozen at Ϫ20°C. High-performance liquid chromatography was performed on a reversed-phase C18 column (Pecosphere-5C C18, 0.46 ϫ 15.0 cm (Perkin Elmer Company, Norwalk, CT, U.S.A.) as described previously (27) . A buffer of 0.01 M KH 2 PO 4 (pH 4.2) was used as the mobile phase, with a flow rate of 0.8 mL/min. The eluting compounds were detected at 254 nm.
Statistical analysis. MTT cleavage, hypoxanthine in the supernatant, and LDH release to the supernatant in the treatment groups were calculated in percent of unprotected hypoxic or oxygen-glucose-deprived cells in the same experiment. Mean and SD from at least six to eight wells from at least three to four different experiments are given unless otherwise specified.
Treatments were compared with untreated hypoxia by ANOVA and Dunnett's post hoc test. Comparison of fluorescence in normoxic neurons and cells exposed to oxygen and glucose deprivation was performed with an unpaired t test with Welch correction. Time development of fluorescence was tested with repeated measurements ANOVA. A two-tailed p Ͻ 0.05 was considered statistically significant. Analyses were performed with a GraphPad INSTAT tm/PC statistical package (San Diego, CA, U.S.A.). For the repeated measurements ANOVA, StatView for Windows was used (SAS Institute Inc., Cary, NC, U.S.A.).
RESULTS
Exposure to SIN-1. Human NT2-N neurons were incubated with the peroxynitrite-releasing compound SIN-1 to study whether these neurons were susceptible to free radicals. Exposure of NT2-N neurons to 3 mM SIN-1 led to pronounced cell death evaluated microscopically and by an increase in LDH release [from 6.0 Ϯ 2.0% in untreated controls to 34 Ϯ 13% (LDH supernatant/LDH total)]. The water-soluble vitamin E analog trolox (400 M), catalase (100 U/mL), and the flavonoids rutin (50 M) and quercetin (50 M) markedly attenuated SIN-1-induced cytotoxicity (Fig. 1) . Ten micromolar MK-801 had no effect. The neurons were also incubated with the fluorescent dye DHR-123, and fluorescence was measured after 40 min. SIN-1 strongly increased fluorescence (674 Ϯ 17% increase in fluorescence, n ϭ 5), and this could be inhibited by 50 M quercetin (154 Ϯ 5.3% increase in fluorescence, n ϭ 5). These experiments demonstrate that SIN-1 increases cell death in NT2-N neurons produces free radicals that could be scavenged by antioxidants, and that antioxidants protect the neurons from SIN-1.
Hypoxia. As the NT2-N neurons were susceptible to externally applied free radicals and could be rescued by antioxidants, we tested the protective effect of antioxidants after hypoxia. With 6 h of hypoxia and 18 h of reoxygenation, 18.4 Ϯ 5.6% of the cells died (LDH supernatant/LDH total). LDH release was significantly reduced in wells treated with MK-801 (Fig. 2) . Treatment with 160 M trolox and 4 M rutin both significantly inhibited LDH release (Fig. 2) .
The glutamate level in the supernatant of these cells during hypoxia varies somewhat among the different cultures (24) . Addition of 100 M glutamate concomitant with the start of hypoxia to achieve a certain level of glutamate in all wells 138 ALMAAS ET AL.
resulted in more pronounced cell death. After 24 h, 25.4 Ϯ 7.1% of LDH was released to the supernatant. Although the relative effect of MK-801 (39 Ϯ 7.8% of untreated hypoxic controls, n ϭ 6, p Ͻ 0.01) was even more pronounced in this model, no effects of trolox (99 Ϯ 14% of untreated hypoxic controls, n ϭ 9) or rutin (104 Ϯ 16%, n ϭ 9) were now seen.
Combined oxygen and glucose deprivation. As hypoxia for 6 h provided rather limited neuronal death, we also exposed the NT2-N neurons to combined oxygen and glucose deprivation for 3 h and then reoxygenated the cells in the presence of glucose until 24 h after start of hypoxia. After 24 h, 38.9 Ϯ 5.3% of total LDH was released to the supernatant, compared with 8.2 Ϯ 2.5% in normoxic controls, and 17 Ϯ 1.5% in normoxic cells treated with a sham vacuum-flushing procedure. Treatment with the NMDA antagonist MK-801 (10 M) strongly inhibited LDH release (Fig. 3A) and improved MTT cleavage (Fig. 3C) in this model. Salicylate (5 mM), quercetin (50 M), and trolox (400 M) significantly reduced LDH release, whereas rutin (50 M) had no significant effects (Fig.  3A) . However, neither of them improved MTT cleavage significantly (Fig. 3C) . The antioxidant enzyme SOD and the iron-chelator deferoxamine inhibited the LDH assay, giving falsely low LDH values, and the apparent protection offered by deferoxamine and SOD was an artifact. Previously, we have found a high correlation between the ATP breakdown product hypoxanthine and LDH release after 24 h (26). Both MK-801 and quercetin significantly reduced hypoxanthine in the supernatant compared with untreated oxygen-and glucose-deprived cells (Fig. 3B) .
NT2-N neurons have previously been demonstrated to lack NOS (25) , and, to mimic a situation in vivo in which a subpopulation of neurons produce NO toxic to neighboring cells, neurons deprived of oxygen and glucose were also exposed to the NO-releasing agent SNAP immediately before hypoxia. This resulted in a 43% increase in cell death (from 33.6 Ϯ 6.0% to 48 Ϯ 8.3% LDH release) compared with oxygen-and glucose-deprived neurons not exposed to NO. Trolox (92 Ϯ 8.7%, p Ͻ 0.05, n ϭ 9) and quercetin (91 Ϯ 12%, p Ͻ 0.01, n ϭ 12) offered slight, but significant, protection in this model also, measured as a reduction in LDH release.
Production of free radicals after combined oxygen and glucose deprivation. Formation of free radicals was evaluated with DHR-123 at 0, 40, 80, and 120 min after start of reoxygenation in oxygen-and glucose-deprived NT2-N neurons and in normoxic cells exposed to vacuum and flushing with 21% oxygen. The production of free radicals increased with time during the first 120 min of reoxygenation (p Ͻ 0.0001), and there was a significant difference (p Ͻ 0.02) between normoxic and oxygen-and glucose-deprived cells (Fig. 4) . At 40 min there was significantly higher fluorescence (p Ͻ 0.01) in hypoxic neurons than in normoxic controls (Fig. 4) . From 40 to 120 min of reoxygenation, fluorescence did not develop differently, indicating that the increased posthypoxic formation of free radicals took place in the early reoxygenation period. Trolox, quercetin, and MK-801 significantly (p Ͻ 0.01) reduced production of free radicals at 40 min of reoxygenation (Fig. 5) . Furthermore, the barbiturate thiopental (200 M), which we have previously found both to scavenge hydroxyl radicals and inhibit lipid peroxidation and to protect the NT2-N neurons from hypoxia (26) , also significantly (p Ͻ 0.01) reduced DHR-123 fluorescence (Fig. 5) .
Free radicals were also measured with the fluorescent dye DCF-H 2 . Fluorescence increased with time (p Ͻ 0.0001) during the first 120 min of reoxygenation in hypoxic cells loaded with DCF-H 2 . After 40 min, fluorescence was significantly higher in hypoxic cells than in normoxic controls (142 Ϯ 34% of fluorescence of normoxic controls, n ϭ 9, p ϭ 0.006). As for DHR-123, there were no significant differences in the increase in fluorescence between hypoxic and normoxic cells from 40 to 120 min of reoxygenation (p ϭ 0.45). 
FREE RADICALS IN HYPOXIC NT2-N NEURONS
DISCUSSION
In this study we have found that the NT2-N neurons are susceptible to externally applied free radicals. Furthermore, we found a moderate increase in the formation of free radicals during early reoxygenation after combined oxygen and glucose deprivation. This increase in free radical production was measured with two different fluorescence methods, and could be attenuated by treatment with the antioxidants trolox and quercetin. Furthermore, the barbiturate thiopental, which has in vitro antioxidative effects and inhibits neuronal death (26) , also inhibited formation of free radicals during reoxygenation. As far as we know this is the first report of formation of free radicals in cultured human neuronlike cells after combined oxygen and glucose deprivation. However, even though antioxidants reduced the posthypoxic neuronal free radical formation, their effect on cell death was limited. Partial protection was obtained with only some of the antioxidants, and protection was not demonstrated with all the markers of cell damage. The flavonoid quercetin caused a moderate reduction in LDH release and hypoxanthine accumulation. Trolox and salicylate only inhibited LDH release, whereas the other antioxidants had no effect. None of the antioxidants improved MTT cleavage. In contrast MK-801 had profound effects on LDH release, hypoxanthine accumulation, and MTT cleavage. The protection offered by antioxidants in the hypoxia model tended to be slightly better than in the oxygen-and glucose-deprivation model. Six hours of hypoxia caused less severe cell damage compared with 3 h of combined oxygen and glucose deprivation. It is possible that the role of endogenous neuronal radical formation is more important in mild long-lasting insults than in more severe insults in which other mechanisms predominate.
One possible explanation for the limited protection by antioxidants in this model could be that these antioxidants were ineffective in detoxifying free radicals. However, we found that they were quite effective in protecting the neurons from SIN-1-derived free radicals. On the other hand, externally applied antioxidants may provide more efficient protection against extracellular radicals than against endogenous intracellular radicals. However, the increase in rhodamine fluorescence during reoxygenation was inhibited to a large extent by the tested antioxidants. This does not prove conclusively that free radicals are not important in this model as there might theoretically be free radicals that are not measured by this fluorescence method and were not inhibited. However, several different antioxidants have been tested with similar results. We have also previously found no significant effects of N-tert-butyl-ophenylnitrone, the 21-aminosteroid U74389G, and N-acetyl-Lcysteine in a slightly different hypoxia model (24) . Thus we do not believe that the failure of the antioxidants to provide neuronal protection was caused by ineffective free radical scavenging. The increase in DHR-123 fluorescence at 40 min was an order of magnitude higher in neurons exposed to SIN-1, in which the antioxidants provided significant protection, than in the experiments with oxygen-glucose deprivation. It seems that although there is an increase in endogenous free radical formation after oxygen and glucose deprivation, this increase is too low to contribute substantially to neuronal damage.
The discrepancy between the limited effect of antioxidants in the current model and the pronounced effects in several in vivo animal studies (1, 28) may have several explanations. In vivo there are sources of free radicals other than the neurons, such as endothelium, neutrophils, and circulating xanthine oxidase (29) . Thus, the finding that the radicals produced by these neurons do not substantially contribute to neuronal death after oxygen and glucose deprivation should not be extended to a conclusion that free radicals are of minor importance in vivo as there are several sources of free radicals other than neurons. Furthermore, how different the NT2-N neurons are from neurons in vivo is not settled. They have, however, been transplanted into rodent brains, where they have survived, matured, and integrated into the host brain for more than 1 y without reverting to a neoplastic state (30) . Transplantation of these cells into brains of rats subjected to transient focal ischemia improved passive avoidance task and normalized asymmetrical motor behavior compared with untransplanted controls (31) .
The NT2-N neurons are grown for 9 wk before use. Atmospheric oxygen concentration is hyperoxic compared with the concentrations of oxygen in the in vivo brain. This longstanding relative hyperoxia may increase the expression of antioxidants in the culture, making the cultured neurons less susceptible to free radical damage than neurons in vivo. However, application of exogenous peroxynitrite led to substantial cell damage in our model. Furthermore, cultured cells in general have an increased capacity to cover their energy requirement during hypoxia by anaerobic glycolysis compared with neurons in vivo (32) . This is reflected in the very modest cell death after 6 h hypoxia. It is possible that the reduced dependence on aerobic metabolism is accompanied by a lower production of free radicals. Free radicals have, however, been found to have important roles in hypoxia in other cultured neurons, and antioxidants have been shown to protect rodent cultures (10, 13, 32, 33) . Species-differences between human neurons and rodent cultures may therefore also be of importance. One species difference is that the vulnerability of fetal human neurons to excitatory amino acids develops over a prolonged time compared with cortical rat neurons (34) . The number of NMDA receptors in the mature NT2-N neurons is 1 ⁄10 that found in rat brains, but approximately at the same level as that found in fetal human neurons (25) . Furthermore, human fetal neurons have a larger capacity of intracellular calciumbuffering systems than cortical rat neurons (35) . There are also species differences with respect to the free radical-producing enzyme xanthine oxidase, which is present in rat neurons (15) (16) (17) but absent in human brain (18) . Transcriptional regulation may account for the species-specific expression of this enzyme, as there are differences in the promotor region of the human and rat genes (36) .
The relationship between glutamate and free radicals is complex and tight. Stimulation of NMDA receptors leads to formation of superoxide anion (37) and hydroxyl radicals (38) . On the other hand, free radicals may cause an increase in extracellular glutamate both through inhibition of glutamine synthetase (39) and through increase of carrier-mediated release (40) . Treatment with antioxidants has been shown to attenuate excitotoxicity exerted by stimulation of NMDA receptors in mice cortical neurons (33) . We found that MK-801 inhibited formation of free radicals after combined oxygen and glucose deprivation, indicating NMDA-dependent formation of free radicals after oxygen and glucose deprivation.
As NMDA receptor activation obviously is important in hypoxic NT2-N neurons and glutamate has been demonstrated to stimulate formation of free radicals in several models, one could expect an important role for free radicals as well. However, endogenous production of free radicals seems to be of modest importance in the current model. One reason could be that the stimulation of glutamate receptors after combined oxygen and glucose deprivation was so overwhelming that the relative importance of free radicals was attenuated. In favor of this is the fact that application of glutamate before the start of 141 FREE RADICALS IN HYPOXIC NT2-N NEURONS hypoxia increased the relative protection offered by MK-801 and abolished the effect of antioxidants. Rosenbaum et al. (10) demonstrated that SOD (in combination with KCl) inhibited posthypoxic superoxide formation in neonatal rat cervical ganglia neurons and protected these neurons from hypoxia. However, these neurons are devoid of glutamate receptors, and this may have reduced the importance of mechanisms other than free radical formation in neuronal death. Copin et al. (13) reported increased posthypoxic formation of hydrogen peroxide at 5 h, but not at 24 and 48 h, after hypoxia in mouse cortical neurons. Furthermore, they found protection by trolox on posthypoxic neuronal death after 24 h. However, the minor effect of the NMDA antagonist MK-801 indicates a modest role for NMDA receptors in their model as well. In contrast, MK-801 almost fully protected the NT2-N neurons from hypoxia and combined oxygen and glucose deprivation in the present experiment. Free radicals may also attenuate the NMDA-induced increase in intracellular Ca 2ϩ via a redox modulatory site on the NMDA receptor (41) . Antioxidants may thus have dual and opposing effects. In models in which NMDA toxicity is important, the protective effects of antioxidants may be masked or lessened by an adverse disinhibition of NMDA receptors. In models in which glutamate receptors are not important, this detrimental effect of antioxidants may not be apparent, and the net effect may be better protection.
In the present model stimulation of glutamate receptors is obviously important. As free radical formation could not be the only downstream mediator of glutamate toxicity, other mechanisms of cell damage downstream of glutamate stimulation have to be considered. Activation of neuronal NOS by calcium and calmodulin is a central mechanism thought to participate in cell injury evoked by glutamate stimulation. In rat cerebellar granula neurons, glutamate-induced excitotoxicity could be inhibited by the NOS inhibitor N-nitro-L-arginine and by a phospholipase A 2 inhibitor (42). The NT2-N neurons are devoid of NOS (25) , and N w -nitro-l-arginine methyl ester (another inhibitor of NOS) is not protective during hypoxia (24) . Approximately 1% of rat neurons and neurons in human cortex express NOS (43) . It has been suggested that these cells, which themselves appear to resist the toxicity of NO, may serve as donors of toxic NO to the surrounding neurons, where NO combines with superoxide to form the reactive peroxynitrite. Thus the toxicity of superoxide generated in the NT2-N neurons could be underestimated by the absence of NO, not generated in these neurons or by "vicious" neighbors. Applying exogenous NO by adding the NO donor SNAP markedly increased neuronal death during combined oxygen-glucose deprivation in the present study. Although trolox and quercetin significantly inhibited cell death in the model with NO, the proportion of protection was just marginally higher compared with their effect on oxygen-and glucose-deprived cells in the absence of NO. In contrast, trolox and quercetin markedly protected against SIN-1-generated cytotoxicity in normoxic cells. This could be owing to lack of access of the antioxidants to the intracellular compartment, but in the model with combined oxygen and glucose deprivation, both of them significantly inhibited DHR-123 oxidation. The amount of intrinsic superoxide formation may be too low to produce biologically significant amounts of peroxynitrite, making NO or other NO products the toxic load rather than peroxynitrite in this setting. This is supported by the finding that NO from SNAP also exerts cytotoxic effects on normoxic NT2 neurons (25) .
In conclusion, we have found a significant increase in the production of free radicals after oxygen and glucose deprivation. The formation of free radicals was inhibited by thiopental, by the antioxidants trolox and quercetin, and by the NMDA antagonist MK-801, suggesting NMDA-dependent formation of free radicals. However, whereas inhibition of NMDA receptors had a pronounced protective effect, antioxidants had only limited effects on neuronal survival after combined oxygen and glucose deprivation. Previously, endogenous NO production has been demonstrated not to be important in hypoxic NT2-N cells. Downstream mediators of the glutamate-mediated toxicity other than NO and free radicals thus have to be considered for the major part of the damage caused by hypoxia or combined oxygen-glucose deprivation in these neurons. This does not necessarily rule out a role for free radicals in hypoxicischemic damage, as there are several sources of free radicals other than neurons in vivo. However, in this model with human neuronlike cells, posthypoxic neuronal free radical formation, although present, was not a major mechanism of neuronal damage.
